Microbial interactions with redox-active materials are ubiquitous in geochemical cycling and 10 bioelectrochemical devices, but the biotic-abiotic interface has proven challenging to study due to 11 the structural complexity of mineral substrates. In contrast, metal-organic frameworks are a class 12 of porous materials that exhibit well-defined structures, extensive chemical tunability, and high 13 crystallinity. Here, we report that metal-organic frameworks can support the growth of the 14 electroactive bacterium Shewanella oneidensis. Specifically, we demonstrate that Fe(III)-15 containing frameworks, MIL-100 and Fe-BTC, can be reduced by the bacterium via its 16 extracellular electron transport pathways and that reduction rate/extent is tied to framework 17 structure, surface area, and particle morphology. In a practical application, we show that cultures 18 containing S. oneidensis and reduced frameworks can remediate lethal concentrations of Cr(VI), 19 and that pollutant removal exceeds the performance of either component in isolation or 20 bioreduced iron oxides. Repeated cycles of Cr(VI) dosing had little effect on bacterial viability or 21 Cr(VI) adsorption capacity, demonstrating that the framework confers protection to the bacteria 22 and that no regenerative step is needed for continued bioremediation. In sum, our results show 23 that the study of microbial-material interactions can be extended to metal-organic frameworks and 24 suggest that these materials may offer a promising alternative to metal oxides in applications 25 seeking to combine the advantages of bacterial metabolism and synthetic materials. 26 27
Introduction

28
Redox-active minerals support the growth of metal-reducing and oxidizing microorganisms in 29 anaerobic environments(1). These microbial-mineral interactions play a key role in 30 biogeochemical processes, including the nitrogen and carbon cycles(2, 3), as well as emerging 31 technologies like microbial fuel cells(4) and bioremediation (5) . Unfortunately, the study of 32 microbe-mineral interactions is challenging due to the structural and thermodynamic complexity 33 of many metal oxides (6, 7) . For example, iron oxides exists in several different mineral forms with 34 variable crystallinities, surface areas, and formal oxidation-reduction potentials (8) . Specific iron 35 oxide polymorphs can also be difficult to prepare under laboratory conditions and even relatively 36 accessible structures, such as ferrihydrite (Fe 2 O 3 ), are recalcitrant to structural 37 characterization(9). Overall, the complexity of metal oxides makes it challenging to elucidate how 38 bioelectronic physiology adapts to changes in material properties.
39
An emerging alternative to metal oxides in many applications are metal-organic frameworks.
40
Relative to metal oxides, these materials generally exhibit higher surface areas and superior 41 crystallinity. More importantly, metal-organic frameworks facilitate the development of highly 42 tunable structure-function relationships since properties such as pore size, linker identity, and 43 metal node can be varied independently of one another(10). As a result, they have seen an 44 explosion in interest across several fields, including gas separations(11), catalysis(12), drug 45 delivery(13), and environmental remediation (14) . However, despite their advantages over metal 46 oxides and potential presence in nature(15), metal-organic frameworks have not been examined 47 as substrates for the growth of metal-reducing or oxidizing microorganisms.
48
Here, we demonstrate that the iron-based metal-organic frameworks Fe-BTC (BTC = 1,3,5-49 benzenetricarboxylate), Fe 3 O(BTC) 2 (OH)•nH 2 O (MIL-100), and Fe 3 O[(C 2 H 2 (CO 2 ) 2 ] 3 (OH)•nH 2 O 50 (MIL-88A) can serve as respiratory electron acceptors for the metal-reducing bacteria Shewanella 51 oneidensis MR-1 ( Figure 1 ). We also show that bacterial growth and metal reduction rate are 52 intimately tied to framework structure, crystallinity, and surface area. Similar to growth on metal 53 oxides, reduction could be influenced with exogenous flavins and was governed by the metal 54 reduction (Mtr) pathway in S. oneidensis (Figure 1a ). Finally, in a practical application, we show 55 that MR-1 and MIL-100 synergistically facilitate the reduction and adsorption of Cr(VI) at rates 56 and capacities that exceed those of biotic metal oxides or abiotic frameworks. When operated 57 together, the combination of MR-1 and MIL-100 protected the bacteria from repeated challenges 58 with lethal concentrations of Cr(VI) and required no separate regenerative step. Overall, our 59 results highlight the ability of metal-organic frameworks to support bacterial growth in a structure 60 dependent manner and demonstrate how the advantages of these materials can be leveraged for 61 heavy metal adsorption when coupled to bacterial metabolism.
63
Results 64 65 S. oneidensis MR-1 growth on metal-organic frameworks 66 First, we examined whether MR-1 could use iron-based metal-organic frameworks as 67 respiratory substrates for cell growth. We prepared Fe-BTC, MIL-100, and MIL-88A under 68 standard conditions and verified their structures via powder X-ray diffraction (PXRD) ( Figure S1 ).
69
Framework stability under typical culture conditions in the absence of bacteria was confirmed by 70 monitoring Fe(III) and fumarate leaching, as well as PXRD ( Figure S1 ). MIL-100 and Fe-BTC 71 maintained structural integrity while MIL-88A exhibited a slight, but detectable, change in 72 structure. To monitor the growth of MR-1, each framework was suspended in Shewanella Basal 73 Medium (SBM) containing lactate as a carbon source and inoculated with anaerobically pregrown 74 MR-1. While OD 600 is readily used to measure bacterial growth on soluble substrates, 75 quantification of growth on an insoluble substrate can be problematic due to interference from the 76 material and confounding effects of biofilm development and adsorption of planktonic cells (16).
77
Indeed, we measured no increase in MR-1 OD 600 in the presence of any of our iron-based 78 frameworks. Measuring growth using the biofilm stain crystal violet also proved infeasible since 79 frameworks non-specifically adsorbed the dye in the absence of cells. Ultimately, we used the 80 auto-fluorescence of secreted flavins (flavin mononucleotide, riboflavin, flavin adenine 81 dinucleotide) to quantify cell growth and draw comparisons between frameworks. Although less 82 common than OD 600 , previous studies have shown that flavin auto-fluorescence accurately tracks 83 cell growth at low cell densities(17). We confirmed that this was also true for MR-1 under 84 anaerobic conditions with both soluble (fumarate) and insoluble (ferrihydrite) acceptors ( Figure   85 2a, Figure S2 ). Furthermore, the presence of metal-organic frameworks did not interfere with 86 flavin auto-fluorescence ( Figure S2 ).
87
Having demonstrated that auto-fluorescence could be used as a proxy for cell growth, we 88 examined the ability of MR-1 to grow on Fe-BTC, MIL-100, and MIL-88A. Cultures grown on MIL-89 100 exhibited a significant increase in fluorescence over time (Figure 2a ). We corroborated that 90 this increase was due to cell growth by directly assaying MR-1 colony forming units (CFUs), which 91 also increased over the same time period ( Figure 2b ). Significant increases in fluorescence were 92 also observed for MR-1 growing on Fe-BTC. Conversely, MR-1 in the presence of MIL-88A 93 showed no increase in auto-fluorescence over time, implying a lack of growth. Together, these 94 results demonstrate that MR-1 is able to grow on some iron-based metal-organic frameworks and 95 that cell growth is tied to framework structure. can access approximately a third of the Fe(III) in the MIL-100 structure. As expected from our 108 growth experiments, a minimal amount of reduction was observed when a suspension of MIL-88A 109 was inoculated with MR-1. The above results correspond to reduction rates of 48.4±0.7 µM h -1 for 110 MIL-100, 28.8±3.3 µM h -1 for Fe-BTC, and 3.4±0.9 µM h -1 for MIL-88A. For comparison, MR-1 111 grown on ferrihydrite showed a reduction rate of 5.6±1.6 µM h -1 , which is consistent with previous 112 reports when normalized by initial OD 600 (18). These data confirm that bacterial growth is 113 associated with Fe(III) reduction and that both processes depend on framework structure.
114
Next, we investigated how the structural and morphological differences between our 115 frameworks contributed to the observed variation in iron reduction rates. MIL-100 and Fe-BTC 116 are closely related in molecular structure, with MIL-100 being more crystalline, as evidenced by 117 its PXRD pattern. Interestingly, iron oxides with higher degrees of crystallinity are typically 118 associated with slower Fe(III) reduction rates across the Shewanella genus (19, 20) . However, the 119 extent of Fe(III) reduction by metal-reducing bacteria is also dependent on the interplay between 120 particle size, extent of aggregation, and surface area. For both MR-1 and Geobacter 121 sulfurreducens, bacterially accessible surface area, informed by extent of particle aggregation, 122 influenced the reduction rate of hematite nanoparticles (21, 22) . Furthermore, it has been found 123 that the interfacial contact between outer membrane cytochromes and iron oxides impacts 124 reduction rates, with smaller particles unable to provide adequate contact for reduction(23). To 125 determine if similar material features influenced the biological reduction of metal-organic 126 frameworks, we examined the morphology of MIL-100, Fe-BTC, and MIL-88A using scanning 127 electron microscopy (SEM). SEM images showed that MIL-100 and Fe-BTC were highly 128 aggregated, while MIL-88A was comprised of small, well-defined crystals approximately the same 129 size as MR-1 ( Figure S3 ). Based on its small crystallite size, MIL-88A is unlikely to support biofilm development. Although they are morphologically similar, MIL-100 and Fe-BTC vary significantly 131 in accessible surface area. MIL-100 had the largest Langmuir surface area (2188 m 2 g -1 ) followed 132 by Fe-BTC (1512 m 2 g -1 ), ferrihydrite (311 m 2 g -1 ,(24)) and MIL-88A (130 m 2 g -1 ) (Table S1 ). These 133 surface areas closely track our measured Fe(III) reduction rates. Overall, our results are 134 consistent with previous studies of MR-1 growth on iron oxides and show that biotic metal-organic 135 framework reduction is governed through a combination of particle morphology, framework 136 structure, and accessible surface area.
138
Stability of metal-organic frameworks in the presence of MR-1 139 Next, we asked if Fe(III) reduction and metabolic activity from MR-1 negatively impacted 140 the solution stability of the frameworks. Collecting PXRD patterns after bacterial growth, we found 141 that MIL-88A eventually decomposed under biotic conditions. Curiously, even though MIL-88A 142 decomposed, it did not release Fe(III) or fumarate to support bacterial growth. In contrast, MIL-143 100 showed good stability and crystallinity after exposure to MR-1 ( Figure S4 ). This result 144 indicates that MIL-100 remains intact during the reduction process. Despite the overall structural 145 integrity of MIL-100 in the presence of MR-1, we confirmed that the bacteria are able to solubilize 146 some iron in the framework. After 24 hours, the amount of Fe(II) in solution was 0.95 ± 0.06 mM, 147 while total Fe(II) was 2.31 ± 0.12 mM ( Figure S5 ). This result indicates that MR-1 can both directly 148 reduce Fe(III) in MIL-100 and partially remove Fe(II/III) from the framework structure. DmtrCDomcA, showed minimal Fe(III) reduction relative to MR-1 (Figure 3b , Figure S6 ).
158
Escherichia coli MG1655, which does not possess a homolog to MtrC or OmcA, was also unable 159 to reduce MIL-100 or Fe-BTC ( Figure S7 ). Together, these results confirm that the same biological 
191
In initial experiments, we grew MR-1 on each metal-organic framework for 24 hours and then Figure S8 ). Furthermore, Fe(III) reduction continued to take 206 place after Cr(VI) addition, suggesting that MR-1 can survive normally toxic Cr(VI) concentrations 207 in the presence of MIL-100. At 1 mM Cr(VI), MR-1 on MIL-100 showed almost complete reduction, 208 but over a much longer time period, indicating that this concentration is approaching the limit of 209 toxicity for our system.
210
Finally, we sought to distinguish biological reduction of Cr(VI) from framework-mediated 211 reductive adsorption. As mentioned above, MR-1 can directly reduce Cr(VI) through the Mtr 212 pathway. Alternatively, MR-1 could mediate Cr(VI) reduction through MIL-100. Overall, we found 213 that biotic samples in the absence of MIL-100 showed significantly slower Cr(VI) reduction kinetics 214 and were more sensitive to the initial Cr(VI) dose ( Figure S9 ). For example, MR-1 challenged with 215 500 µM Cr(VI) was only able to reduce ca. 100 µM after 24 hours and entered death phase, as 216 measured by OD 600 (Figure S10 ). These results are consistent with previous reports indicating 217 that 200 µM Cr(VI) is the upper limit for MR-1 survivability(32). We also measured reduced Cr(VI) 218 adsorption kinetics for MR-1 grown on ferrihydrite. Notably, even at low initial Cr(VI) 219 concentrations, biotic and abiotic ferrihydrite samples exhibited worse adsorption kinetics and 220 capacities relative to all frameworks tested (Figure 4 ). 
235
For all additions to MR-1 growing on MIL-100, Cr(VI) was removed below the limit of detection 236 within minutes (Figure 4g ). The total amount of Cr(VI) reduced by MR-1 and MIL-100 was 237 78.7±0.1 mg g -1 , which represents a 125-fold increase over MIL-100 alone and compares 238 favorably to other Cr(VI) adsorbents (Table S2 ). In contrast, the biotic and abiotic treatments with 239 fumarate and ferrihydrite showed no appreciable Cr(VI) adsorption and the amount of Cr(VI) in 240 solution increased after each new dose. We also investigated whether a microbially-reduced 241 soluble iron source could aid in removal of Cr(VI). Indeed, we found that MR-1 grown on Fe(III)-242 citrate enabled instantaneous reduction after repeated cycles of 0.50 mM Cr(VI) ( Figure S11 ).
243
However, no precipitate was formed upon Cr(VI) reduction. Similar results were found for abiotic 
253
Our cycling data suggests that MR-1 growing on fumarate or ferrihydrite is quickly 254 overwhelmed after repeated challenges with Cr(VI). Indeed, we observed no increase in OD 600 in 255 the fumarate samples following the first addition of Cr(VI), implying that the cells had entered 256 death phase ( Figure S10) . In contrast, we measured an increase in Fe(II) over the course of the 257 cycling experiment when MR-1 was grown on MIL-100. As expected, Fe(II) concentrations 258 decreased immediately after the addition of Cr(VI) but rebounded as viable cells continued to 259 reduce Fe(III) ( Figure S13 ). We did not measure a similar trend in Fe(III) reduction for MR-1 grown 260 on ferrihydrite that was repeatedly challenged with Cr(VI) ( Figure S13 ). We also verified the 261 observed trends in Fe(III) reduction during Cr(VI) cycling by directly assaying cell viability. 
287
The major limitation of applying metal-organic frameworks as microbial growth substrates is 288 their general instability under aqueous conditions. To counteract this, we examined water stable 289 frameworks and also note that there are significant efforts to develop additional frameworks with 290 enhanced water stability(40). Nevertheless, the aqueous stability of a specific framework must be 291 carefully scrutinized before it is selected as a substrate for microbial growth. For example, we 292 found that stepanovite, a naturally-occurring metal-organic framework mineral, could also support 293 the growth of MR-1, but that this effect was due to dissolution of the framework ( Figure S15 ).
294
Ultimately, utilization of water-stable frameworks possessing well-defined structures could 295 potentially reduce the impact of abiotic material effects, such as phase or polymorph changes.
296
This characteristic, combined with their synthetic tunability, should position metal-organic 297 frameworks as useful tools for probing material effects on microbial physiology and improving the 298 design of applications that exploit these relationships.
299
In one potential application, we showed that MR-1 operates synergistically with MIL-100 to 300 reduce and adsorb significant amounts of Cr(VI). Notably, the high adsorption capacity of MIL- 
317
In conclusion, we showed that iron-based metal-organic frameworks can support the growth 318 of the dissimilatory metal-reducing bacteria S. oneidensis via iron reduction. Both growth and 319 rates of iron reduction were dependent on framework crystallinity, surface area, and particle 320 418 Figure S3 . Metal-organic framework morphology. 426 Figure S10 . Cr(VI) cycling and OD 600 measurements.
427 Table S2 . Cr(VI) removal by both biotic and abiotic agents. 
